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Ultra-short pulses in blue region generated from compact and low-cost semiconductor lasers have attracted 
much attention for a wide variety of applications. Nitride-based vertical-cavity surface-emitting lasers 
(VCSELs), having intrinsic high material gain and short cavities, favor the generation of ultra-short blue 
pulses via a simple gain-switching technique. In this study, we fabricated a single-mode InGaN VCSEL 
consisting of 10-period InGaN/GaN quantum wells (QWs). The output pulses were evaluated accurately 
with an up-conversion measurement system having time resolution of 0.12 ps. We demonstrated that 
ultra-short blue pulses, as short as 2.2 ps at 3.4 K and 4.0 ps at room temperature, were generated from the 
gain-switched InGaN VCSEL via impulsive optical pumping, without any post-processing. The 
gain-switched pulses we obtained should greatly promote the development of ultra-short blue pulse 
generation. In addition, this successful assessment demonstrates the up-conversion technique's usefulness 
for characterizing ultra-short blue pulses from semiconductor lasers. 



* These authors 
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Nitride-based blue semiconductor lasers have recently taken on an important role in optical science and 
technology 1 " 5 . In particular, picosecond optical pulses in the blue-wavelength band have demonstrated 
their potential for a wide range of applications 6 " 10 , including optical storage, bioimaging, and time- 
resolved spectroscopy. As a possible pulsed light source, gain-switched semiconductor lasers 11 " 13 have attracted 
considerable attention for their advantages of low cost, simple operation, and compact size. To increase the range 
of such devices' applications, the gain-switched pulses need to be shortened to several picoseconds or less. Since 
the typical durations of gain-switched pulses lie within a range of several tens or hundreds of picoseconds, a 
number of post-processing techniques 14 " 16 such as spectral filtering, pulse shaping, and pulse compression have 
been developed in order to shorten the pulse width. The simplest method, however, is the direct generation of 
ultra-short pulses from gain-switched semiconductor lasers without any post-processing. 

The pulse width of gain-switched pulses is determined by the rise and decay times. Previous studies of ours 17 
have shown that the rise time is mainly limited by the saturation gain of the semiconductor laser, while the decay 
time is mainly limited by photon lifetime in the cavity. Therefore, semiconductor lasers with high optical gain and 
short cavity lifetime, such as vertical-cavity surface -emitting lasers (VCSELs) 18 " 20 , are favorable for the generation 
of short pulses via gain- switching. Additional advantages of VCSELs, such as single-longitudinal- mode opera- 
tion, a low lasing threshold, high intrinsic bandwidth, a circular output beam with low divergence, wafer-scale 
processing, and the capability to form two-dimensional device arrays, have made VCSELs into very attractive 
devices. 

On the other hand, widely used time-resolved measurement systems with temporal resolution longer than 
several picoseconds, such as streak cameras, high-speed photo-detectors, or oscilloscopes, are inadequate for the 
detailed assessment of pulses as short as picoseconds or less. Therefore, the development of accurate measure- 
ment systems with even finer time resolution is required. In existing time-resolved luminescence spectroscopy, 
the up-conversion (cross-correlation) method is a particularly promising candidate for achieving subpicosecond- 
scale resolution. Besides its fine time resolution, this method has the advantage of a high signal/noise (S/N) ratio, 
because the signal is amplified by gate pulses during the up-conversion process. This technique has often been 
used in studying ultrafast phenomena in solids in fundamental physics research 21,22 and in assessing the pulse- 
lasing properties of semiconductor lasers 23,24 . Although the up-conversion technique has not been applied to 
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Figure 1 | (a) Schematic of the InGaN VCSEL structure, (b) Experimental apparatus. Osc: TLsapphire oscillator; Reg.: regenerative amplifier; M: mirror; 
L: lens; BS: beam splitter; BBO: R-BaB 2 0 4 crystal; SF: sum-frequency; BPF: band-pass filter, SPF: short-pass filter; P: polarizer; PMT: 
photomultiplier tube; PC: personal computer, (c) Pulse-lasing spectrum of the gain-switched InGaN VCSEL at room temperature. The inset shows the 
enlarged lasing spectra with various pump powers above the threshold, where the arrow indicates the increase in pump power. Note the spectral 
broadening toward short wavelengths as the pump power increases, (d) Plot of input vs. output of the InGaN VCSEL. (e) Enlarged spectrum of the InGaN 
VCSEL with pump power below the threshold. Solid curves are Gaussian fits of the modes. FWHM: full width at half maximum. FSR: free space range. 



characterize blue-wavelength pulses produced by semiconductor 
lasers, the advantages of fine temporal resolution and high S/N ratio 
are suited for our purpose. 

In this study, we prepared a nitride-based VCSEL with 10 periods 
of InGaN/GaN quantum wells (QWs). For accurate evaluation of the 
pulse widths and shapes of the gain-switched output pulses, we used 
a time-resolved measurement system based on up-conversion 
method, which attained a resolution of 0.12 ps. We demonstrated 
that ultra-short pulses, as short as 2.2 ps at 3.4 K and 4.0 ps at room 
temperature in full width at half maximum (FWHM), were gener- 
ated from the gain-switched InGaN VCSEL via impulsive optical 
pumping, without any post-processing. These record-breaking short 
blue pulses demonstrate the superiority of gain-switched nitride- 
based VCSELs as compact and reliable ultrafast blue light sources. 
In addition, our successful assessment demonstrates that the up- 
conversion technique is indeed useful for characterizing ultra-short 
blue pulses generated by semiconductor lasers. 

Results 

Figure la shows a schematic of the structure of the InGaN VCSEL. It 
consists of 10-period InGaN/GaN quantum wells (QWs) and two 
Ta 2 0 5 /Si0 2 distributed Bragg reflectors (DBRs). A description of the 
fabrication process can be found in our previous work 25 . Figure lb 
diagrams the experimental apparatus for the time-resolved up-con- 
version measurements. A detailed explanation of the system is given 
in the methods section below. The sample in a cryostat was optically 
pumped with a 1-kHz, 400-nm, and 300-fs pulse laser beam with a 



spot size of —50 urn. The output from the InGaN VCSEL was 
observed with a resolution of 0.12 ps. The lasing spectra of the 
gain-switched output pulses were characterized through a spectro- 
meter system that employed a liquid-nitrogen-cooled charge- 
coupled device (CCD) with a spectral resolution of 0.15 nm. 

Figure lc shows a time-integrated emission spectrum from the 
InGaN VCSEL, obtained with an optical pump power of 300 uW 
at room temperature. Here, single-mode lasing at 425.7 nm is appar- 
ent. The single-mode lasing persisted even at elevated pumping 
power. The plot of the input vs. output powers shown in Fig. Id 
demonstrates that the pulse-lasing threshold was 150 uW. The aver- 
age output power with an pump power of 300 uW was measured to 
be in an order of nW. Figure le shows an enlarged emission spectrum 
from the InGaN VCSEL operated with an optical pump power below 
the threshold. This plot shows that the free spectral range (FSR, i.e., 
the spacing between two adjacent cavity modes) is around 10.8 nm, 
from which we estimate the cavity length L to be 2.6 um. The spectral 
width of the optical mode centered at 425.7 nm is 1.0 nm; we estim- 
ate that its cavity quality factor is 425.7, and that the photon lifetime 
within the cavity is approximately 0.1 ps (see Supplementary 
Information). 

Figure 2a shows the waveform of the output pulses from the gain- 
switched InGaN VCSEL at room temperature, with an excitation 
power of 300 oW, which is about two times greater than the lasing 
threshold. The InGaN VCSEL was optically pumped at 0 ps, and the 
gain-switched pulses were generated with a delay time. The shortest 
pulse width of these gain-switched pulses was found to be 4.0 ps, 
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Figure 2 | Waveforms of the gain-switched pulses from the InGaN VCSEL at (a) room temperature and (b) 3.4 K measured via up-conversion method. 

The inset shows the lasing spectrum at 3.4 K. The cross-correlation waveforms of the pump pulses, which was observed without the band-pass filter 
shown in Fig. lb, are also plotted. The optical time delay arising in the filter is compensated for in these waveforms. 



with a delay time of 11.4 ps. The measured waveform of the 300-fs 
pump pulses indicates the fine temporal resolution of the up-con- 
version measurement system. 

Figure 2b shows the time-resolved waveform of the gain-switched 
pulses generated from the InGaN VCSEL at 3.4 K, with an excitation 
power about 3 times higher than the lasing threshold of 80 uW. The 
pulse width was found to be 2.2 ps with a delay time of 3.9 ps. So far, 
this is the shortest pulse width that has been observed in gain- 
switched semiconductor blue lasers. 

Discussion 

In Fig. 3, the waveforms of these gain-switched pulses are plotted 
again in a logarithmic scale. Clear exponential rises and decays of 
these pulses, which are the typical characteristics for gain-switched 
pulses 17,26 , are apparent. The rise times, the delay times, the decay 
times, and the pulse widths of these gain-switched short pulses were 
obtained from a fitting analysis, and these are summarized in the top 
panel of Fig. 3. In this way, the characteristic profiles of the gain- 
switched pulses were accurately evaluated. Such a successful detailed 
analysis is made possible by the high S/N ratio intrinsic to the up- 
conversion technique. 
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Figure 3 | Waveforms of the gain-switched pulses from the InGaN 
VCSEL plotted in a logarithmic time scale. Note the clear exponential rise 
and decay portions of the pulses. The top panel summarizes the rise times 
and decay times as well as the pulse widths and delay times of these pulses. 



The 4.0-ps pulses obtained at room temperature from the 10-QW 
VCSEL are very short, as compared with previously reported 6.0-ps 
gain-switched pulses generated from a 3-QW VCSEL that was pre- 
pared similarly 27 . According to our previous works 17,26 , the pulse 
width of gain-switched pulses is in general limited by the saturation 
modal gain of the lasers. Thus, we conclude that the increased num- 
ber of quantum wells enhanced the modal gain, which shortened the 
gain-switched pulses. Note also that shorter 2.2-ps pulses were 
obtained at a lower temperature. We attribute this pulse shortening 
to the increase of gain at low temperatures which is typical in semi- 
conductor lasers. These findings indicate that further enhancement 
of modal gain by simply increasing the number of quantum wells 
should be effective for the direct generation of even shorter pulses. 

The decay times measured from the 10-QW VCSEL were much 
longer than the 0.1 -ps photon lifetime. Thus, the decay times were 
not limited by the photon lifetime. Previous studies on a 3-QW 
VCSEL 27,28 showed that the gain-switched pulses were strongly 
chirped and had a slow- decay component on the long wavelength 
side, which actually limits decay time. In the lasing spectra of the 10- 
QW VCSEL shown in the inset of Fig. lc, a spectral broadening 
towards short wavelengths is apparent. This spectral tendency is very 
similar to the characteristics reported for the 3-QW VCSEL 27,28 . 
Therefore, we suspect that the gain-switched pulses from the 10- 
QW VCSEL should also be strongly chirped and include a slow 
component. Although the origin of this slow component has not 
yet been made clear, it is necessary to reduce this component to 
shorten the decay time. 

As it is shown in the inset of Fig. 2b, the spectral width and the 
center wavelength of the 2.2-ps pulses at the lower temperature were 
1.15 nm and 425 nm, respectively; the large time-bandwidth prod- 
uct of 4.2 indicates that these pulses are not Fourier-transform-lim- 
ited. In such a case, some post-processing can still be useful to 
shorten the pulse width, though direct pulse generation is favorable 
for the sake of simplicity. For example, the slow component at longer 
wavelengths can be cut off by spectral filtering. Chirp-compression 
techniques should also be effective for shortening such strongly 
chirped pulses. 

In summary, we fabricated a nitride-based VCSEL consisting of 
10-period InGaN/GaN quantum wells in order to study short blue 
pulse generation via gain-switching. In order to accurately measure 
the pulse widths and the shapes of the gain-switched output pulses 
from the InGaN VCSEL, we constructed an up-conversion measure- 
ment system with time resolution of 0.12 ps. We demonstrated the 
generation of blue pulses, as short as 2.2 ps at 3.4 K and 4.0 ps at 
room temperature, from the gain-switched InGaN VCSEL through 
optical pumping, without any post-processing. These record-break- 
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ing short blue pulses confirm the superiority of gain-switched 
nitride-based VCSELs as compact and reliable ultra-short blue light 
sources. In addition, this successful assessment demonstrates that the 
up-conversion technique is indeed useful for characterizing ultra- 
short blue pulses from semiconductor lasers. 

Methods 

A schematic of the up-conversion experimental apparatus is shown in Fig. lb. The 
120-fs 800-nm pulsed light source was emitted from a regenerative amplifier (Spectra 
Physics, Spitfire) seeded by a mode-locked Ti:sapphire laser (Spectra Physics, 
TSUNAMI 3160C). The VCSEL was mounted in a cryostat, and was optically excited 
by femtosecond pulses at 400 nm, which were second-harmonic generations (SHG) 
of the 800-nm fundamental wave, generated with a type-I phase-matching (3-BaB 2 0 4 
(BBO) crystal (6 = 29.3°, (j) = 0°, thickness = 0.5 mm). The duration of these pump 
pulses was measured to be about 300 fs, which is slightly broadened due to frequency 
chirping. The pump pulses were focused with a quartz lens having focal length of 
60 mm, and the excitation spot size was measured to be —50 um in diameter. 
Diffused pump light from the sample surface was completely removed by a band-pass 
filter (A pass = 447 ± 30 nm, O.D. > 6). The gain-switched pulses around 425 nm, 
generated from the InGaN VCSEL, were overlapped with the 800-nm gate pulses on a 
second type-I phase-matching BBO crystal (9 = 44.3°, <f) = 0°, thickness — 0.1 mm) 
to generate an ultraviolet sum-frequency around 275 nm. A short-pass filter (i pass < 
340 nm, O.D. > 6) and a Glan-laser calcite polarizer were used to remove stray light. 
The wavelength-integrated intensity of the up-converted light (sum- frequency) was 
detected with a photomultiplier tube {Hamamatsu Photonics, R212) and recorded by 
a lock-in amplifier system. The measured temporal profile of the up-converted light 
corresponds to the waveform of the gain-switched pulses from the InGaN VCSEL. 
The time resolution of this measurement system was determined by the 0.12-ps pulse 
duration of the gate pulses. The time -integrated lasing spectra of the gain-switched 
output pulses were characterized using a spectrometer system that employed a liquid 
nitrogen -cooled charge -coupled device (CCD) with spectral resolution of 0.15 nm. 
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